Background: Renal transplant surgeons are making increasing use of live donor kidneys with multiple renal arteries. This study aimed to identify independent risk factors for the development of transplant renal artery stenosis (TRAS) in the modern era of complex arterial reconstruction for multiple vessels.
Introduction
Renal transplant surgeons are increasingly accepting live donors with complex renal arterial anatomy and it is now common for multiple vessel anastomoses to be required in the recipient. Multiple renal arteries increase the risk of vascular and urological complications, but do not compromise long-term graft survival 1 . A number of different arterial reconstruction techniques are available for recipient implantation to the iliac arterial system 2 . The explanted recipient internal iliac artery (IIA) may be used as a free graft for back-table reconstruction of complex arterial anatomy 3 . As reconstruction of the arterial system takes place in cold conditions, there is less time pressure, which facilitates meticulous technique. The other advantage of this method is that it simplifies implantation into the recipient.
Transplant renal artery stenosis (TRAS) is the most common vascular complication of renal transplantation; its incidence in the modern era of live donor transplantation is not clear. Rates between 0⋅3 and 10⋅3 per cent have been reported (Table S1 , supporting information) 4 -21 . This wide range reflects the definition used and how vigorously TRAS was sought by radiological investigation.
The aim of this study was to identify independent risk factors for the development of TRAS, with particular emphasis on the type of arterial anastomosis and the use of explanted recipient IIA grafts.
Methods
The study population comprised a consecutive series of patients undergoing live donor kidney transplantation at Leicester General Hospital during 1998-2014. All donor kidneys were removed by full laparoscopic transperitoneal nephrectomy using a previously reported technique 22 . Baseline donor and recipient demographic data were collected prospectively in a computerized database. The following parameters were included: age; sex; human HLA mismatch using the National Health Service Blood and Transplant classification levels 1 (best match) to 4 (worst match); cytomegalovirus (CMV) status; first warm ischaemia time; cold ischaemia time; anastomosis time; total ischaemia time; left or right donor kidney; number of renal arteries; number of renal veins; number of ureters; and type of recipient arterial implantation, including the use of explanted iliac artery grafts from the recipient.
The primary outcome measure was the development of renal artery stenosis diagnosed by cross-sectional imaging with contrast. Other outcome measures were: time to diagnosis of TRAS; the requirement for angioplasty with or without stenting; renal function measured by serum creatinine level; BP control before and after diagnosis of TRAS; delayed graft function (DGF), defined as the requirement for dialysis in the first 7 days after transplant; allograft survival; and patient survival.
TRAS was suspected in any patient who presented with acute onset or refractory hypertension and/or a deterioration in renal function. All patients suspected to have TRAS were investigated initially by Doppler ultrasound imaging. If this showed a peak systolic velocity exceeding 200 cm/s, further investigation was undertaken by contrast CT or magnetic resonance angiography. Patients were followed for a mean of 4⋅4 (range 0⋅3-15⋅1) years.
Surgical techniques
All donor nephrectomies were performed using a full laparoscopic procedure with kidney retrieval through a 6-cm transverse suprapubic incision. Kidneys were perfused on the back table using 500 ml hyperosmolar citrate solution at a temperature of 4 ∘ C and infusion pressure of 100 cmH 2 Explanted recipient IIA grafts were used in two situations: first, in kidneys with two renal arteries that were short and/or widely separated so that they could not be anastomosed together without tension or causing undue angulation; and second, when there were three small renal arteries. In such cases, the recipient IIA was dissected from its origin beyond the bifurcation to yield as many branches as possible. The distal branches were ligated and the origin clamped before explanting the IIA to produce a free arterial graft for back-table reconstruction. Here, the renal arteries were anastomosed end to end to size-matched branches of the internal iliac graft using fine interrupted polypropylene sutures ( Fig. 1) . Silastic catheters placed through the IIA graft and into the renal arteries were used to aid accurate apposition of the vessels 23 . All recipients received basiliximab followed by triple immunosuppressive therapy with tacrolimus, mycophenolic acid and steroids.
Statistical analysis
Univariable comparison of continuous data was performed using Student's t test or the Mann-Whitney U test, as appropriate. Categorical data were analysed using χ 2 test, or Fisher's exact test where appropriate. Kaplan-Meier curves were constructed to illustrate patient survival that was graft-censored, and graft survival was death-censored. P values were calculated using the univariable log rank test. Log cumulative hazard plots showed no evidence of non-proportionality of hazards. Multivariable analysis was done using logistic regression with a stepwise variable deletion model. The variables considered for use in the model were: donor and recipient age; warm ischaemia time; cold ischaemia time; anastomosis time; total ischaemia time; number of ureters; number of renal arteries; number of renal veins; CMV mismatch; HLA mismatch score; biopsy-proven acute rejection; and arterial implantation technique. P ≤ 0⋅050 was taken to indicate statistical significance.
Results
A total of 506 patients who had live donor kidney transplantation were included. Exact details of the implantation technique were available for 464 patients. In the series, single renal arteries were anastomosed either to the EIA (195, 52⋅3 per cent) or the IIA (178, 47⋅7 per cent). Multiple renal arteries were reconstructed using the following methods: side-to-side anastomosis on the back table and anastomosis of the common ostium to the IIA (57) or the EIA (6); end-to-side anastomosis of a polar vessel to the main renal artery on the back table and anastomosis to the IIA (5) or EIA (1); back-table reconstruction using an IIA graft and then reimplantation to the IIA stump (20) or to the EIA (2). The common iliac artery was never used for anastomosis in this series and multiple renal arteries were never anastomosed separately to the EIA.
Twenty-one patients were found to have a renal artery flow velocity of more than 200 cm/s on Doppler ultrasound imaging and underwent CT angiography for suspected TRAS. Angiography identified significant TRAS in 19 patients (3⋅8 per cent). Baseline demographics and univariable comparisons are shown in Table 1 . The TRAS group had multiple renal arteries more often than the no-TRAS group: 9 of 19 (47 per cent) versus 87 of 481 (18⋅1 per cent) respectively (χ 2 = 10⋅10, P < 0⋅001). First warm ischaemia time, cold ischaemia time and total ischaemia time were longer in the TRAS group. There were no significant differences in anastomosis time. The technique of arterial implantation differed significantly between the two groups, with more explanted IIA grafts in the TRAS group: five of 19 (26 per cent) versus 17 of 445 (3⋅8 per cent) (χ 2 = 20⋅42, P < 0⋅001). There was no significant difference in the proportion of patients who developed biopsy-proven acute rejection in the TRAS group compared with the no-TRAS group: four of 19 (21 per cent) versus 71 of 487 (14⋅6 per cent) (χ 2 = 0⋅61, P = 0⋅436). No other significant differences were observed between the two groups. There were no contraindications to using the IIA as a free graft and no complications as a result of explanting the recipient IIA. On two occasions the proximal IIA had significant atherosclerotic disease; the IIA graft was therefore anastomosed to the EIA and the IIA trunk was ligated.
Multivariable analysis demonstrated that use of an explanted IIA graft for reconstruction of multiple renal arteries (odds ratio (OR) 4⋅95, 95 per cent c.i. 1⋅29 to 19⋅49; P = 0⋅020) and total ischaemia time (OR 1⋅82, 1⋅11 to 2⋅96; P = 0⋅010) were independent risk factors for TRAS ( Table 2) . No other parameters, including cold ischaemia time, warm ischaemia time and number of renal arteries, were statistically significant as independent risk factors. There were no significant differences in the rates of DGF between the TRAS and no-TRAS groups: one of 19 (5 per cent) versus 18 of 487 (3⋅7 per cent) respectively (χ 2 = 0⋅12, P = 0⋅724). TRAS did not influence 5-year patient survival (87 per cent in TRAS group versus 90⋅9 per cent in no-TRAS group; P = 0⋅194), but 5-year allograft survival was significantly lower in the TRAS group (79 versus 88⋅7 per cent respectively; P = 0⋅020). During follow-up there were four graft losses (21 per cent) in the TRAS group and 55 (11⋅3 per cent) in the no-TRAS group (χ 2 = 1⋅69, P = 0⋅194). Only one of the four graft losses in the TRAS group was related directly to the arterial complication. In this patient, the diagnosis was made 35 days after transplantation and the recipient's serum creatinine level never fell below 300 μmol/l from the time of transplantation until allograft failure after 98 days. The other graft losses were due to severe rejection that was unresponsive to steroids and antithymocyte globulin in one patient, and two recipients had recurrence of pre-existing disease (IgA nephropathy and hereditary coproporphyria). In all, five of 22 patients who had an explanted IIA graft developed TRAS. The 5-year allograft survival rate in this group was 86 per cent.
Details of the 21 recipients who underwent angiography for suspected TRAS are shown in Table S2 (supporting information). The median time to diagnosis of TRAS was 3⋅7 (range 1-53) months. The 19 recipients with angiographic evidence of significant TRAS underwent angioplasty, of whom seven were also stented during the procedure. The technical success rate was 83 per cent (ten of 12) for angioplasty alone and 100 per cent (seven of seven) for angioplasty plus stenting (P = 0⋅110, Fisher's exact test). Two patients underwent diagnostic angiography without an interventional procedure. They were treated conservatively because the transplant renal artery stenoses were below 25 per cent, and their BP control and renal function were not impaired significantly. Two recipients underwent multiple angioplasty procedures for recurrent TRAS. One required two angioplasty procedures followed by angioplasty and stent insertion; the other had recurring TRAS that required a total of six angioplasty procedures over 5 years.
At the time of diagnosis of TRAS, 13 of the 19 patients who had angioplasty with, or without stenting were hypertensive (defined as BP at least 135/85 mmHg). Radiological intervention reduced systolic BP (mean(s.d.) 144 (20) mmHg before versus 128(13) mmHg after intervention; P = 0⋅004) and diastolic BP (84 (14) versus 75(9) mmHg; P = 0⋅018), and ten of 13 patients became normotensive. Similarly, at the time of diagnosis, 17 of 19 patients undergoing angioplasty with, or without stenting had renal dysfunction (serum creatinine over 120 μmol/l). Angioplasty with, or without stenting improved serum creatinine levels by more than 10 per cent in 13 of 17 patients. In the 13 responders, the mean fall in serum creatinine was 37 (range 11-77) per cent. Overall, the serum creatinine concentration fell from a mean(s.d.) of 241(115) μmol/l before angioplasty to 175(54) μmol/l after the procedure (P = 0⋅022).
Discussion
In this single-centre cohort study of living donor kidney transplants, arterial anastomosis using an IIA graft and total ischaemia time were independent risk factors for the development of TRAS. The incidence of TRAS on cross-sectional imaging was 3⋅8 per cent and the median time to diagnosis was 3⋅7 months. Although patient survival was comparable, TRAS was associated with a reduction in 5-year graft survival from 88⋅7 to 79 per cent. Yet three of the four graft failures in the TRAS group could not be attributed directly to the renal artery stenosis. The apparent decrement in graft survival in the TRAS group was therefore a function of non-TRAS-related graft loss in a small series of patients. The 5-year graft survival rate of 79 per cent in patients with treated TRAS is considered acceptable.
There are a number of potential causes of TRAS. Technical error during arterial suturing can cause an immediate stenosis. The renal arteries of live donor kidneys are more difficult to implant because of the lack of an aortic patch and this increases the risk of technical error. Intimal injury is an important potential cause of TRAS and can be produced by inappropriate handling with surgical instruments, or damage by a perfusion cannula during cold flushing or by vascular clamps 24 . Intimal hyperplasia in response to the injury leads to progressive stenosis, which may be either at the anastomosis or more distally. Intimal injury can also occur during the donor nephrectomy procedure, if too much traction is applied to the renal artery. Transplanted renal arteries can also kink; this is more likely to occur with right kidneys, which have a longer artery and often a very short renal vein 25 . Prolonged cold ischaemia can also cause arterial injury and may explain the higher rates of TRAS in deceased donor kidneys in some series 8 . A multivariable analysis showed a significant association with DGF, which in turn is associated with longer cold ischaemia time 26 . Atherosclerosis is common in patients with end-stage renal disease and its progression after transplantation can also lead to TRAS 27 .
It is possible for TRAS to have an immunological basis as a result of chronic antibody-mediated rejection 7 . The presence of diffuse, multiple and concentric stenoses may reflect an immunological, rather than technical, aetiology.
Although there was no TRAS in an earlier and smaller experience of free IIA grafting for multiple arteries 3 , five of the present total series of 22 iliac grafts were complicated by TRAS. The aetiology of the stenotic lesions in IIA grafts remains uncertain. The literature has frequently highlighted technical errors and iatrogenic injury at the time of surgery as the principal causes of TRAS 6, 28 . Although these cannot be discounted here, it is notable that the same experienced surgical team performed all operations in this series, and the rate of TRAS increased with greater experience without any change in the complexity of the surgery. Vascular anastomoses were performed using fine interrupted sutures over size-matched silastic catheters to aid precise end-to-end apposition. Because free iliac graft vascular reconstruction was carried out ex situ under cold storage conditions there was less time pressure than during direct in situ anastomosis of vessels, allowing even greater attention to be paid to creating a tension-free, everted, arterial anastomosis. TRAS was diagnosed after 286 and 1581 days in two of the patients with internal iliac grafts, suggesting that technical error was not the cause in these patients.
Explanted IIA grafting is not always an option during live donor kidney transplantation. In recipients who have undergone a previous contralateral renal allograft that was anastomosed to the IIA, the second IIA should be left undisturbed, especially in men because of the risk of impotence. The IIA may also be affected by atherosclerotic disease, with significant posterior plaque being common.
It was noteworthy that total ischaemia time was an independent risk factor for TRAS. This was due to a combination of longer first warm ischaemia and cold ischaemia times, but there was no difference in anastomosis (second warm) time. The introduction of laparoscopic donor nephrectomy has certainly increased the first warm ischaemia interval between stapling or clipping the renal vessels in the donor and cold flushing the kidney 22 . This is especially the case for kidneys that have more than one artery. Nonetheless, the mean first warm time was only 1⋅5 min longer in the TRAS group and as such is unlikely to be a significant aetiological factor. Similarly, the mean total ischaemia time was less than 1 h longer in the TRAS group. Although the differences in first warm and cold ischaemia times reached statistical significance, their clinical significance is questionable. Notwithstanding this, reconstruction using an IIA graft prolongs the back-table preparation time and, although it is done in crushed ice and cold preservation solution, there may be warming of the kidney during this time. It was not possible to analyse this independently because of the small numbers involved.
Many transplant surgeons prefer end-to-side anastomosis to the EIA for live donor kidneys with a single artery. The external iliac can also be used for the direct individual anastomosis of multiple renal arteries, although this can be technically challenging for very small polar arteries. In the authors' unit, the IIA was used for the implantation of kidneys in approximately half of the patients and this included a large proportion of kidneys with a single artery. This is a relatively unusual policy.
Previously reported rates TRAS in live donor series range from 0⋅3 to 10⋅3 per cent ( Table S1 , supporting information) 4 -21 , and are dependent on the definition used and the intensity of graft surveillance. Most research has focused on deceased donor transplants, with remarkably little attention being given to transplants from live donors. In the present study, TRAS was defined on the basis of an abnormally high renal artery peak systolic velocity on Doppler ultrasonography, followed by demonstration of a significant stenotic lesion using cross-sectional imaging. Allen 29 has defined TRAS on the basis of a diagnosis of hypertension requiring increasing antihypertensive therapy, with or without a deterioration in allograft function, associated with a stenotic renal arterial lesion which, when corrected, resulted in an improvement in BP control or renal function, or both. This should be the standard definition for future studies because it is both exacting and clinically relevant as it includes functional parameters and the response to correction of the stenosis. A number of patients in the present study were normotensive and/or had normal renal function at the time of the radiological evidence of TRAS and did not therefore meet the first requirement of the Allen definition. Radiological intervention did not improve BP control or renal function in a total of eight patients. Thus, using the Allen definition of TRAS, the incidence of functional TRAS in the present series was 13 of 506 (2⋅6 per cent).
The outcome of TRAS is arguably more important than its incidence. Early and precise diagnosis is essential for successful management. In this series, the results of treatment by interventional radiology were good, with a high technical success rate and a relatively low rate of recurrent stenosis. Improvements in BP control and renal function were in line with previously reported outcomes 10, 30, 31 .
As with all retrospective analyses, some degree of caution is required in interpretation of the results because residual confounding factors not included in the analysis may have influenced the findings. A further limitation of this analysis is the small number of patients with TRAS.
The small number of cases limits interpretation of the findings.
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